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Abstract: The effect of forged unsintered hydroxyapatite/
poly-L-lactide (u-HA /PLLA) composite films on spinal cord
and nerve roots and its degradation behavior and osteocon-
ductivity in epidural space were compared with those of
calcined HA (c-HA)/PLLA and unfilled PLLA films. Partial
laminectomy was performed on 20 rabbits, and u-HA /PLLA
and PLLA films were implanted in the intervertebral space.
Total laminectomy was performed on 30 rabbits to implant
u-HA/PLLA, c-HA/PLLA, and PLLA films in both epidural
and subcutaneous spaces. For up to 50 weeks, there were no
histological changes in the spinal cord or nerve root, and no
inflammatory cell infiltration into the epidural space around
the films. The rate of decrease in viscosity average molecular
weight of both composite films was initially higher than that

of PLLA but eventually became lower, although there was
no difference in the degradation behavior of the three films
in either the epidural or subcutaneous spaces after 50 weeks.
Scanning electron microscopic and energy-dispersive X-ray
analysis indicated calcium phosphate deposits on the sur-
face of composite films with new bone formation from 4
weeks. The u-HA/PLLA composite film therefore has good
biocompatibility, osteoconductivity, and fast primary deg-
radation rate, which may prove compatible with application
to spinal surgery. © 2002 John Wiley & Sons, Inc. ] Biomed
Mater Res 60: 101-109, 2002
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INTRODUCTION

Most spinal prosthetics are made of stainless steel or
titanium. However, these can corrode over extended
periods. They can also cause cancer,' bone resorption,
or in some cases, inflammation? due to micromotion
or stress shielding as well as loosening. When metallic
devices are placed in inaccessible locations, repair or
dislodgement of damaged and rotated devices is dif-
ficult.®> Metallic prosthetics interfere with diagnosis of
postsurgical paralysis by magnetic resonance imaging
(MRI) or computerized tomography (CT).

Bioresorbable bone fixation devices constructed
from materials such as poly-L-lactide (PLLA) were de-
veloped recently to solve these problems and satisfac-
tory results have been reported.*® Bioresorbable poly-
metric devices have the following advantages: re-
moval is not necessary; there is no restriction of bone
growth owing to the gradual decrease in mechanical
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strength; the risk of osteoporosis due to stress shield-
ing is lower; there is no metallic corrosion to cause
tissue reactions; and there is no artefact in CT or
MRL”*® Bioresorbable devices have been used for sta-
bilization of transplanted bone and inducted vertebral
arch and for facet fusion’ in spinal surgery. Because of
their effectiveness, it is predicted that bioresorbable
devices will supplant the use of metallic devices.
However, bioresorbable devices do have certain prob-
lems: complications such as noninflammatory swell-
ing, fissuration, or synovitis have been reported; deg-
radation and complete absorption of PLLA are too
slow; and devices with osteoconductivity and bone-
bonding capability should be made of other bioactive
materials; also, they are radiolucent, which compli-
cates intraoperative control and postoperative diagno-
sis.

Santavirta et al.'’ reported that noninfectious, tran-
sient effusions from rapid degradation were seen in
~5% of clinical cases, including a group in which
polyglycolic acid (PGA) was used for bone fracture
treatment. Bostman et al.'"'™** observed a marked in-
crease in free degradable polymers that was beyond
the phagocytic capability of macrophages because of
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the rapid degradation process; foreign body reactions
arose from increased osmotic pressure. Bergsma et
al."*15 reported nonspecific foreign body reactions to
PLLA bone plates and screws used for the fixation of
zygomatic fractures 3 years after implantation. They
concluded, without considering the high molecular
weight and crystallinity of PLLA, that PLLA did not
cause cellular reactions but that tissue reactions occur
from very slow hydrolysis of PLLA. These problems
can be solved by selecting the right type of PLLA by
primary molecular weight, crystallinity, and residual
monomers and by considering fabrication method.

Matsusue et al.® implanted rods made of PLLA in
the femur bone marrow of rabbits and found no tox-
icity from drawn PLLA. Thin layers of fibrous tissue
were formed at an early stage after implantation. The
rods were completely absorbed after implantation,
which was accompanied by the formation of thick,
bony structures. However, it is not known whether the
burr holes were completely replaced by bone. Bost-
man et al.’ showed that most PGA was replaced with
loose connective tissue. In clinical reports, X-rays often
show an osteolytic area around PGA implants'” and in
rare cases, around PLLA implants.” A composite of
bioactive hydroxyapatite (HA) and PLLA was created
to solve these problems, and it successfully showed
direct bone-bonding capability. However, the compos-
ites did not possess sufficient strength to be used clini-
cally as bone-fixation devices.'™"” Bone-fixation de-
vices made of unsintered-HA (u-HA)/PLLA compos-
ites have higher strength and osteoconductivity and
have shown satisfactory results in clinical use. 22

The effect of exposure to resorbable material on
nerve tissue in the epidural space after spinal surgery
has not been reported. The purpose of this study was
to compare u-HA /PLLA with PLLA in their histologi-
cal effects, especially in terms of biocompatibility, on
the spinal cord and nerve root in rabbits. We also
sought to clarify their degradation behavior in the epi-
dural space and to evaluate the effects of differing
bioactivity and osteoconductivity in u-HA and cal-
cined-HA (c-HA) composites with PLLA.

MATERIALS AND METHODS
Preparation of materials

The resorbable materials used in this study were uniform
composite films composed of PLLA** and u-HA or c-HA,
which are bioactive bioceramics. u-HA was synthesized by
hydrolysis of pure aqueous calcium hydrogen phosphate
and calcium carbonate at 90 °C. It was matured for 5 h,
filtered, and fully dried for 10 h. It comprised micro-
hexagonal prismatic crystals with an aspect ratio at 4-10 (2-3
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x 0.3-0.5 pm) aggregated into clusters 5-50 p.m across. These
were milled and sieved, with the particle size limited to a
range of 0.3-20 pm (average of ~3 pm). The Ca:P molar ratio
by chemical analysis was 1.69, which is very close to that of
pure hydroxyapatite (1.67). Fourier-transform infrared ab-
sorption spectra also identified this u-HA to be apatite con-
taining carbonate, and X-ray diffraction identified particles
with medium crystallinity. A 20 wt% u-HA aqueous suspen-
sion had pH 7.4-7.5 c-HA was made from u-HA by granu-
lating and calcining at 900 °C to decarbonate it. The granules
were crushed, milled, and sieved to limit their particle size
to a distribution range and average similar to those of the
u-HA particles. The molar ratio was 1.67, indicating that the
c-HA was pure hydroxyapatite. It has already been demon-
strated that u-HA is highly bioactive and totally absorbable,
whereas c-HA is not totally absorbable but has a bioactive
surface.”*

Films were fabricated by heat-compression flat plates pre-
pared by casting u-HA/PLLA or c-HA/PLLA/dichloro-
methane solution. Films were 5 x 5 mm and 200-pm thick.
The corners were planed off to avoid physical stimulus.
Comparisons were made between u-HA/PLLA, c-HA/
PLLA, and PLLA. We chose a PLLA with lower viscosity
average molecular weight (M,) than the highest strength
available for such composite materials (M, about 22 x 10%) to
provide early degradation. The content of HA was 40 wt%.
The surface of the u-HA/PLLA and c-HA/PLLA films was
sanded so that HA particles were exposed, which was con-
firmed with scanning electron microscopy (SEM; Fig. 1).

Animal procedures

Devices were tested on 50 Japanese white rabbits weigh-
ing 3.0-3.8 kg. All the rabbits used in this experiment were
housed in the animal center of Miyazaki Medical College.
Pentobarbital 0.5 mL/kg was administered intravenously to
the rabbits before surgery. They were sacrificed with excess
pentobarbital after surgery. The following experimental ma-
nipulations were approved by the Experimental Animal
Committee of Miyazaki Medical College.

Operation 1

Twenty rabbits were used for histological evaluation of
the spinal cord, nerve root, and epidural space. A longitu-
dinal midline incision was made on the back of the rabbits,
and the lumbar laminae were exposed from L, to S,. For
partial laminectomy, a high-speed air drill with diamond
burr was used. Under a magnifier, three intervertebral
spaces and the epidural space were exposed. A portion of
partial laminectomy region, the same size as the film was
removed at the bifurcation of nerve root. u-HA/PLLA and
PLLA films were implanted into the epidural space at each
intervertebral space, while one space served as a control.
The incision was cleaned with sterile saline and closed. The
absence of paralysis in the extremities was confirmed after
awaking from anesthesia. Histological analysis was per-
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(B)

Figure 1. SEM findings of the surface of u-HA /PLLA com-
posite (A) and PLLA (B).

formed in five rabbits at 4, 12, 25, and 50 weeks after the
surgery. Microdissection was performed on the lumbar ver-
tebrae using an air drill. The spinal cord and nerve root were
then removed along with tissue in the epidural space and
scar tissue. The films were removed together with the sur-
rounding tissue. Histological evaluation was performed on
each item.

Operation 2

The lumbar laminae were exposed in the same manner as
in operation 1 and total laminectomy was performed at L,
and L; levels in 30 rabbits to expose the epidural space. Two
sheets each of u-HA/PLLA, c-HA/PLLA, and PLLA films
were inserted into the epidural spaces and five sheets each
of u-HA/PLLA and c-HA/PLLA films were implanted into
the subcutaneous space. Epidural and subcutaneous films
were removed from six rabbits at 4, 8, 12, 25, and 50 weeks
after the surgery. M, was measured and the surface of the
film was observed with SEM and energy-dispersive X-ray
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(EDX) analysis. Degradation behavior and osteoconductiv-
ity on film surfaces was evaluated.

Histological evaluation

The nerve and surrounding tissue were fixed with neutral
buffered 10% formalin and embedded in paraffin. Spinal
cord and epidural tissue were cut into transverse serial sec-
tions, and the nerve root was cut into longitudinal and trans-
verse serial sections. All specimens were stained with hema-
toxylin and eosin (HE) and observed by optical microscopy.
Staining with Luxol Fast Blue and Bodian’s methods and
GFAP (glial fibrillary acidic protein) immunostaining were
also performed for the sections from the spinal cord and
nerve roots. Inmunohistochemistry was performed on par-
affin sections using an ordinary biotin-streptavidin method.
Monoclonal antibodies used include those against GFAP
(DAKO, Glostrup, Denmark), vimentin (DAKO), smooth
muscle actin (DAKO), CD34 (DAKO), CD68 (DAKO), and
desmin (DAKO). Nondecalcified hard tissue specimens
around the films was fixed with 70% alcohol, dehydrated
immediately after removal, and then embedded in methyl-
methacrylate resin. The blocks with embedded sections were
sliced to 200-pm thickness with a hard-tissue-specimen
slicer, ground to ~20-pm thickness with a hard-tissue
grinder, and observed after Cole’s HE staining.

Molecular weight measurement

After removing HA particles by filtering with a compos-
ite/chloroform solution, the M,, of the PLLA was calculated
from the Mark-Houwik’s formula® by measuring the intrin-
sic viscosity [n] at 25 °C using an Ostwald viscometer and
substituting this value into the formula

[n] = 545 x 107* M *7?

Student’s I-test was used for statistical analysis of the
samples.

Bioactivity

The stoichiometric Ca/P molar ratio of deposited crystals
was analyzed by SEM and EDX analysis.

RESULTS
Postoperative course

Three rabbits from operation 2 group were excluded
due to the postoperative paralysis of the lower ex-
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Figure 2. Photomicrographs of the spinal cord and the
nerve root 50 weeks after implantation of the u-HA/PLLA,
indicating no morphologic changes. (A) Cross section of the
spinal cord (H&E stain, x10). (B) Cross section of the nerve
root (Bodian stain, x50). (C) Cross section of the spinal cord
(GFAP immunostaining, x40).
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Figure 3. Photomicrographs of the u-HA/PLLA 50 weeks
after implantation. Multinucleate giant cells engulfing the
degradable polymer are found next to the bone (H&E stain,

x100).

o

(B)

Figure 4. (A) Photomicrograph of the u-HA /PLLA film 25
weeks after implantation. The implant is completely encased
by reactive bone (H&E stain, x40). (B) Photomicrograph of
the PLLA film 50 weeks after implantation (H&E stain, x40).
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tremities. No paralysis was observed in the remaining
rabbits. No infection or inflammation was seen at the
incision site.

Histological study

Myelin loss, axonal damage, and gliosis were exam-
ined in the spinal cord and nerve root sections of 20
rabbits: 19 were found to be free of any abnormality
(Fig. 2). One specimen in the spinal PLLA group
showed a loss of anterior horn cells and mild gliosis in
the anterolateral column after 25 weeks, probably due
to the surgery; however, no lower extremity signs
were observed.

Epidural tissue of the u-HA/PLLA and PLLA
groups showed no significant histological differences.
Collagenous connective tissue was edematous with
exudation 4 weeks after the operation. Lymphocyte
and plasma cell infiltration and hemosiderosis were
seen, which was considered to be an inflammatory
reaction due to surgery. No inflammatory cells were
seen after 12 weeks. Reactive fibrosis was observed
after 12 weeks. The fibroblastic cells were positive for
vimentin and negative for smooth muscle actin, des-
min, and CD34. Collagen fibers became dense after 25
weeks, and partial cartilaginous metaplasia and hya-
linization were also observed.

The films were encapsulated by collagenous tissue,
including fibroblasts, up to 25 weeks. Collagenous tis-
sue was thicker at the back due to greater stress. The
collagenous capsule was thinner at 50 weeks than at 25
weeks. The films were surrounded by macrophages
inside the capsule in one specimen from the u-HA/
PLLA group and two from the PLLA group. The films
were also fragmented, and multinucleate giant cells of
the foreign-body type were detected (Fig. 3). Uptake
of film fragments into cells was observed with a po-
larizing microscope. New bone formation was seen
along u-HA/PLLA films 4 weeks after surgery. Bone
formation increased with time, and u-HA /PLLA films
were encased by new bone 25 weeks after surgery.
Osteoconductivity was higher in u-HA/PLLA than
PLLA (Fig. 4). Collagenous tissue around the u-HA/
PLLA films decreased along with an increase in new
bone formation compared to the PLLA group. How-
ever, little direct bonding between bone and films oc-
curred, as the films had not been stabilized.

M, measurements

Baseline M, values of u-HA/PLLA, c-HA/PLLA,
and PLLA were 11.1 x 10%, 9.91 x 10* and 8.71 x 104,
respectively. M, of u-HA/PLLA and c-HA/PLLA in
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epidural space decreased rapidly to 60-70% of the ini-
tial weight after 4 weeks. However, the rate of de-
crease was more gradual after that, reaching approxi-
mately 20% of the initial weight after 50 weeks. The
M, of PLLA decreased to ~80% of the initial weight
after 4 weeks and to ~60% after 8 weeks, indicating
that primary degradation was slower in PLLA com-
pared with u-HA/PLLA (p < 0.05) and c-HA/PLLA. It
decreased more slowly from 8 weeks than u-HA/
PLLA and c-HA/PLLA (p < 0.02), but reached the
same level as the other two groups after 50 weeks.
There was no significant difference in the rate of M,
change between u-HA/PLLA and c-HA/PLLA (Fig.
5). The M, of subcutaneous u-HA /PLLA was lower
than that of c-HA/PLLA after 8 (p < 0.005) and 12
weeks (p < 0.05). However, there was no significance
difference between the two groups from 25 weeks
(Fig. 6). The pattern of M, change for u-HA/PLLA
and c-HA/PLLA was not significantly different be-
tween subcutaneous and epidural space. However, c-
HA/PLLA implanted in the subcutaneous space
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Figure 5. (A) Change in viscosity average molecular
weight (M,) of HA/PLLA composites and PLLA with time
in epidural space. ®, PLLA; M, c-HA/PLLA; 0, u-HA/
PLLA. (B) Change in viscosity average molecular weight
(M,) retention of HA/PLLA composites and PLLA with
time in epidural space (*p < 0.05; **p < 0.02; **p < 0.005). W,
PLLA; m, c-HA/PLLA; O, u-HA/PLLA.

— 231 —




106

Mv (X10000)

Mv retention (%)

Figure 6. (A) Change in viscosity average molecular
weight (M, ) of HA/PLLA composites in subcutis. B, c-HA/
PLLA; OJ, u-HA/PLLA. (B) Change in viscosity average mo-
lecular weight (M, ) retention of HA/PLLA composites with
time in subcutis (*p < 0.05; **p < 0.005). m, c-HA/PLLA; [J,
u-HA/PLLA.

showed a lower M, than that in the epidural space
after 8 weeks, and u-HA/PLLA from subcutaneous
space showed a lower M, than that in the epidural
space after 12 weeks (p < 0.02). This may have been
due to physical stress from the skin and reduced
strength from the lower M.

SEM and EDX analysis

There were no macroscopic changes on the surfaces
of u-HA /PLLA or c-HA/PLLA. SEM showed that HA
particles disappeared gradually with time. The surface
of the PLLA film whitened after 50 weeks, probably
because of an increase in crystallinity, but no confor-
mational changes were observed with SEM. The sur-
faces of both u-HA/PLLA and c-HA /PLLA were cov-
ered with hard tissue that had grown from the epidu-
ral space from week 4, whereas soft tissue was seen on
the surface of PLLA. There was no significant differ-
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ence in the structure of hard tissue between u-HA/
PLLA and c-HA/PLLA. Significant peaks of Ca and P
were seen in hard tissue by EDX. THe Ca/P ratio was
1.45 to 1.55, which indicates that the hard tissue may
be apatite deposited from the body (Fig. 7).

(A)

(B)
AUFS: 2108 Aok

©

Figure 7. Change in SEM and EDX at the surface of a com-
posite with time in epidural space. (A) -HA/PLLA, 4 w; (B)
u-HA/PLLA, 12 w; and (C) 4 w (EDX).
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DISCUSSION

This study demonstrates the safety of HA/PLLA
toward nerve tissue and the epidural space in spinal
surgery. den Dunnen et al.**® used PLLA/poly-
e-caprolactone as a guide to cross the sciatic nerve gap
in rats and reported its effectiveness for regeneration
and maturation of damaged nerve. Lundborg et al.*’
and Merle et al.>’ performed a clinical study of a sili-
con-polymer nerve guide; it had to be removed be-
cause of irritation. Satisfactory results of biocompat-
ible, bioresorbable devices applied as guides to pe-
ripheral nerves,>™* especially PLLA,*"* have been
reported.

This study also reports the effects of the new com-
posite films on the spinal cord and nerve root in spinal
surgery. The spinal cord has barriers such as dura, the
subarachnoid membrane, and cerebrospinal fluid that
are absent in peripheral nerves. However, there is no
perineurium on nerve roots and the epineurium is so
tenuous that it can be easily damaged by mechanical
and chemical stimuli.***” Our results show a good
biocompatibility because there was no histological
change in the nerve roots. Although we could show no
visible abnormalities with Bodian and LFB, subtle his-
tological changes in the nerve root would only be ap-
preciable on plastic embedded sections and could be
missed with our methods. However, good postopera-
tive course without paralysis and inflammation may
support our findings. Scar tissue that disturbs natural
healing did not grow in the epidural space. It is there-
fore suggested that films implanted at the laminec-
tomy site could have prevented fibrous tissue from
breaking into the space. The pH of u-HA /PLLA com-
posite suspension is neutral,®® with no chemical-
stimulating effect, and the biocompatibility of u-HA/
PLLA inhibits cellular infiltration,?**® which might
have contributed to the results.

No infiltration of inflammatory cells or foreign-
body type giant cells was observed around PLLA or
u-HA/PLLA films up to 25 weeks. However, phago-
cytosis by foreign-body giant cells was seen at 50
weeks. Previous studies have shown no inflammatory
foreign body-reaction to PLLA,*° whereas others
have described infrequent reactions compared to
PGA.*"** Factors that stimulate foreign-body reaction
are believed to include gross size, quantity of per unit
volume of tissue, shape, surface topography, and hy-
drophobicity /hydrophilicity of the particle surface.
Significant fragmentation of the film, with advanced
biodegradation, was observed at 50 weeks and was
probably due to motion or stress on the film in the
intervertebral joint. These factors may have caused
foreign-body reactions.**** One explanation to con-
sider is that degradation of u-HA increases surface
area and the number of pores, which accelerates fur-
ther degradation. However, the tissue reactions of u-
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HA/PLLA were always less severe than those of
PLLA. Because tissue reaction decreases as fragments
are broken down to debris with lower molecular
weight and because devices with high osteoconduc-
tivity are bonded to, and replaced by, surrounding
bone, we can expect severe inflammatory foreign-
body reactions to cease after about 6 months, follow-
ing which synostosis becomes stable.

Biocompatibility and osteoconductivity of the films
were confirmed even in the unstable condition where
films were simply placed in the laminectomy site.
Rapid degradation followed by a decrease in mechani-
cal strength as seen with PGA tended to produce poly-
mer debris at a rate far beyond the phagocytic capa-
bility of macrophages and to stimulate cells. On the
other hand, the decrease in molecular weight of u-
HA/PLLA and c-HA/PLLA was gradual, with rates
being similar in both epidural and subcutaneous
spaces. These results are similar to in vitro studies,®
indicating the possibility that placement of the film in
the spine causes little physical stress and diffusion of
fluids. It is also possible that there was little enzymatic
effect in the final phase of hydrolysis.*>*® However,
Hollinger*” showed that the location of a polymer im-
plant affects its degradation. The device should be de-
signed to optimize the persistence of full prosthetic
strength.

The M, of u-HA/PLLA and c-HA/PLLA was sig-
nificantly lower than that of PLLA, indicating that pri-
mary degradation was faster. This suggests that fluid
immediately permeated through the interface between
HA particles and PLLA and acquired a chance to hy-
drolyze. However, no significant decrease in mechani-
cal strength resulted. This may have occurred because
strength can be maintained until M, drops to around
5 x 10*. An increase in crystallinity may also have
contributed.” The M, of u-HA/PLLA may have de-
creased faster than that of c-HA/PLLA in subcutane-
ous space because u-HA/PLLA became more porous
and the exposed surface increased after resorbable
u-HA was released; this may have accelerated hydro-
lysis. Further investigation is therefore needed to elu-
cidate the behavior of c-HA.

This study indicated that u-HA/PLLA and c-HA/
PLLA had high osteoconductivity because of the bio-
active and osteoconductive characteristics of HA par-
ticles. It is also worth considering that HA particles
exposed on the surface of the device caused HA de-
position in the body from an early stage and satisfac-
tory new bone formation with time, as indicated by in
vitro studies.”® Rozema et al.*® used PLLA for the treat-
ment of a defective site in the orbital floor in goats and
observed satisfactory bone coating, which was not
seen in the control group. Our results showed early
and long-lasting bone formation due to osteoconduc-
tivity in the u-HA/PLLA group, in addition to better
bone coating of PLLA than in the control group. This

— 233 —



108

may have dispersed and reduced the biomechanical
stress on the device and prevented fibrous tissue from
interposing between the bone and surface of the de-
vice.* There was no significant difference in M, de-
crease or the degradation process between u-HA and
c-HA in epidural and subcutaneous spaces in this
study. Further investigations should examine u-HA/
PLLA composites for application to spinal surgery by
focusing on the u-HA characteristics of high absor-
bency, bioactivity,**® and biocompatibility, because it
has the same Ca/P ratio as the body and includes
carbonate.

In conclusion, bioresorbable u-HA/PLLA compos-
ite can be applied to spinal surgery because of the lack
of any damages to the spinal cord and nerve roots. Its
high osteoconductivity, even in the unstable condi-
tions, at the laminectomy site indicates good prospects
for use in spinal surgery.

The authors thank A. Ohno, Department of Pathology,
Miyazaki Medical College Hospital, for his kind help in pro-
cessing histological sections and immunohistochemistry.
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